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ABSTRiGT 

Road transportation has grown at a rap dirate 
ompared to other roodes in the past three decades. This 
rend witnessed in the past is expected to continue to 
q)erate in the near future. Road transportation accounts 
or a significant proportion of the total energy consumed 
in the transportation sector. The petroleum and other 
oil products used in road transportation are scarce commodities 
md their prices have been rising steadily since the 
beginning of energy crisis. Under these conditions it is 
imperative to explore the opportunities to conserve fuel 
consumption in the road transportation system. V/ithin 
this framework it is considered that the roadway design 
parameters lend themselves as potential candidates 
in optimizing the energy use. The plfinner and designer 
do not have adequate inputs regarding the fuel consumption 
which v/ill be i furation of not only the quality of roadway 
elements but also how this fuel consumption varies vrith 
the increasing volume of traffic. This study attempts to 
bridge this gap partially by developing a simulation model 
for free flow traffic conditions. This model could be used 
to evaluate not only the performance of the vehicles but 
also enable us to estimate the fuel consumption. The various 



submodels describing the vehicle, roadway and. driver 
interaction have been developed which are used in the 
sinulfition of fuel consumption. Three types of Ashok Leyland 
models and the Ambassador Gar have been simulated on a 
hypothetical 10 kilometre roadway. The resulting fuel 
consumption obta.ined for steady state as well as free 
flow conditions have been shown to represent the system 
behaviour adequately. 
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CHAPTER I 


1.1 Objective of the Study: 

An analysis of the impacts of different energy 
policy options on energy conservation requires a clear 
understanding of the way in which traffic and transportat ion 
Operating characteristics are converted to energy consumption. 
A systematic framework is not yet available to relate traffic 
and energy. Thus, to analyze the effects of conservation 
policy options in investment planning analysis this research 
attempts to develop a computer model to simulate the vehicle 
performance and to estimate the energy consumption of 
freemoving roadway vehicles. Road transportation, which 
accounts for a significant proportion of energy consumed 
in the transportation sector is an obvious candidate for 
attention and therefore we have chosen to deal with it 
in this study. 

1 . 2 G-eneral ; 

Energy in one form or another enters practically 
every single economic activity and its availability and cost 
could decise the economic well being of the nation. 
Considerable work is being done on alternative sources of 
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enfirgv all over the world, but it is still uncertain as 
to the areas where the major breakthroughs will occur and 
in what period of time, but it is quite certain that 
in next two or three decades pattern of energy generation 
and consumption v/ill change. Till such time most of the 
economic activities ha.ve to depend upon the conventional 
sources of energy viz. coal and fossil fuels. Therefore 
it is imperative to plan for energy conservation and 
utilize the available energy in an optimal manner through 
engineering design of systems which are more energy 
efficient and operate them so as to minimize wastage of 
energy. 

Energy conservation means reducing the amount of 
energy consumed to perform a service of given size and 
characteristics. Each mode in transportation sector can 
conserve energy by adopting new technologies, modifying 
operating procedures or a combination of both. Vfithin 
the overall transportation sector, some energy conservation 
can be achieved by a shift of carefully selected traffic 
to less energy intensive modes. The government can affect 
the conservation process by introducing appropriate policy 
measures directed at the technology and operating 
characteristics of individual modes. 



Tran-rportation. is the second largest commerical 
energy consuming sector and has accounted for about 
30 percent of commercial energy consumption in the country. 
Energy consumption in this sector has been rising steadily 
at over 7 percent per year. At present about 12 million 
tonnes of oil is consumed in this sector which is about 
60 percent of the total , oil prod.uced and imported [8] , 

Road transportation, in particular, heavily 
depends on diesel, petrol and other oil products for its 
operation. Road transportations share of the total 
passenger and freight movement in the intercity context 
are 66 and 33 percent respectively in terms of passenger- 
kilometres and tonne-kilometres which are the indices of 

productivity in this sector. 

TABLE 1 

TREim 11 THE G-ROWTH OP TRANSPORT VEHICLES 


SI. No. 

T 3 rpe of Vehicle 

Numb 

( 

1961 

er of vehicles 
in thousands) 

1970 1975 

1977 

1 . 

Passenger Cars 

256 

490 

591 4 

’'5. 

827 

2. 

Jeeps 

32 

78 

95J 


3. 

Two wheelers 

88 

47 2 

936) 

r 

1334 

4. 

Three wheelers 

6 

31 

75j 


5. 

Buses 

57 

92 

100 

117 

6 . 

True ks 

168 

322 

334 

367 

7. 

Tractors 

31 

133 

202 1 

NA 

8. 

Other vehicles 

35 

113 

236J 


Source: Report of the Working (Jroup on Energy policy, 
Planning Commission, New Delhi, 1 979 [s] , 


While the steel wheels on steel rail reduces the 
rollinr resistance to one fourth of what is encountered 
by the rubber tyres on concrete pavements there are 
factors which favour road transport v/hich are of multi- 
dimensional nature, A balanced transportation development 
should consider various trade-offs among these factors 
which would be conditioned by socioeconomic aspirations, 
strategic needs, even development of regions and other 
political considerations. Road transportation being more 
suitable for dispersed economic activities will continue 
to grow unabated with the population growth aj;id its needs. 

The number of vehicles in use in road transportation 
from 1961 till 1977 is given in Table 1, Even though the 
number of automobiles is close to one million their operation 
is mainly confined to the urban areas. The ownership 
pattern and cost of the petrol have greatly affected 
their economic viability as a mode for intercity passenger 
transportation. The second category of vehicles namely 
two and three wheelers are again used predominantly in 
urban areas. 

Trucks and buses account for about 80 percent of 
the rural automotive highway traffic. They are the largest 
consumers of road transportation energy. Trucks are mainly 
used for intercity freight movement, while buses are used 



in urban as well as intercity passenger transportation. 

The growing use of trucks for freight transportation is 
due to improvements in the national highway network and. 
the geographical expansion and distribution of industry, 
commerce and major huma.n settlements. In addition trucks 
offer speedy delivery, flexibility in routing and sheduling, 
and door to door service. Because of these factors, trucks 
are particularly usefull for small shipment of high value 
and short hauls. Trucks dominate intercity freight 
transportation at distances less than 300 kilometres and 
even longer hauls are quite significant which trend is 
expected to continue in the future. 

Rural highway traffic consists mostly of free 
moving vehicles. As we approach major urban settlements 

the traffic becomes more and more congested. Interaction 
of vehicles moving in single and Intermediate lane highways 
are quite significant. Various vehicle categories operate 
over the rural highway network which aggravates free 
movement of traffic. It is therefore necessary to study 
the performance characteristics of those vehicles and 
simulate their movement under free moving conditions over 
the given roadway stretch and oalculate the energy 
consumption for the purposes of evaluation of road 
improvement investment planning opportunities for conserving 
the energy in road transportation. 
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1.3 Ener-^y Conservation Opportunities in Road Transportation: 

Useful economies might be achieved in the several 
areas. In the short term, there may be important savings 
associated with improvements in driving techniq.ues, traffic 
management and engine tuning. Benefits might also result 
from a greater use of existing technology, for example, 
electronic ignition systems and widespread use of radial-ply 
tyres , Looking into the future, the use of lighter 
vehicles with better aerodynamic design, the use of 
transmission systems designed to improve the match between 
the engine characteristics and road load requirements 
and finally a change to new, more efficient engine may 
all help to reduce the nations fuel consumption. 

The factors which could result in energy conservation 
through operating changes include changes in capacity 
utilization, speed and fleet make up. For a given capacity 
utilization factor, fuel consumption will be greater if 
the proportion of empty kilometres is increased and load 
factor is correspondingly decreased. This is because fuel 
consumption increases at a marginally lower rate with 
increases in load, while back-haul fuel consumption varies 
directly with the number of empty vehicle kilometres. At 
low speeds, rolling resistance of vehicles is greater than 
air resistance. The air resistance increases as the square 



Of the velocity. As a general rule energy efficiency 
per tonne -kilometre increases with vehicle size. These 
would, represent some of the untapped potential opportunities 
to increase energy efficiency of road transportation 
vehicles. 

1 .4 Sffect of Operating Speed on Energy Consumption: 

Resistive forces increase with increased speed. 

While the rolling resistance and mechanical resistance 
increase linearly the air resistance increases exponentially. 
Therefore for any distance travelled, the work (defined as 
the product of resistance times distance) required increases 
with increasing speed. The increamental energy consumed 
as speed increases is a function of energy efficiency, that 
is, the abili\;v to convert potential chemical energy into 
useful work. 

Figure .1 shows the relationship between average 
BTUs per ton-mile at different speeds for trucking 
fleet [ 5 ] . The'se relationships were developed by computing 
the average values for all commodities and all truck types. 
The figure illustrates that the amount of energy consumed 
in trucking increases with increased speed at an increasing 
rate. Thus at 55 miles per hour a 1 percent reduction in 
speed will be expected to yield a 0.877 percent reduction 



SPEED ( mifus/hour) 


Source: Base on calculations from the TRANSEN mode! 1980 

ILLUSTRATION OF TRUCKS BTUS PER NET 
TON-MIL E VERSUS SPEED AVERAGED F OR 
ALL COMMODITIES AND ALL OVER-THE ROAD 
TRUCKS 
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in fuel consumption, while a 1 percent increase in speed 
will result in approximately an 1.218 percent increase 
in fuel consumption. 

Figure 2 illustrates the increasing energy- 
requirements for higher speeds. The horse power required 
to overcome the different resistances to which trucks are 
subjected to increases with higher speeds. Figure 2 
shows the cumulative requirement by type of resistance. 
Mechanical resistance (i.e., the internal friction of 
the engine and drive train) increases linearly with the 
speed. Rolling resistance (i.e., the friction of tyres 
on road s-urface) increases at a slightly greater rate 
with increasing speeds and, air resistance (i.e., the 
friction of air against the truck body mostly frontal 
area) increases at an increasing rate with speed. At 
low speeds rolling resist.ance is the greatest portion 
of total resistance. At 70 miles per hour air resistance 
is equal to rolling resistance for a l.a.rge, fully loaded 
truck. 

Changes in truck technology related to the engine, 
the drive train, and the vehicle itself are potential 
candidates for minimising the energy consumption. Technological 



HORSEPOWER REQUIRED 
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Source: Calculated from SAE Method J-688, Truck ability 
prediction 


FIG- 2 TOTAL HORSEPOWER REQUIREMENT BY TYPE 
OF RESISTANCE AND SPEED 
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changes affect thermal efficiency, rolling resistance, air 
resistance, parasi'cic loads, and other sources of energy 
losses. Ihe following paragraphs attempts to highlight 
some of the salient features related to energy consumption* 

Engine optimization: As discussed above, slower speeds 

require less horse pov/er, which in turn requires less fuel 
to move a given load a given distance. The relationship 
bet?/een engine horse power output and fuel input is not 
linear as indicated in Figure 3 . This graph shows 
fuel consumption curves for a typical supercharged 
diesel engine. The horizontal axis represents the 
governed engine speed in percentage. If this engine were 
derated thd effect would be to lower the maximum governed 
engine speed without shifting the fuel consumption curves. 
The vertical axis represents the rated power which depends 
upon cubic displacement and the air intake capabilities 
of engine. 

The problem of engine optimization is one of 
choosing an engine size which satisfies service requirements 
while operating at the lowest possible fuel consumption 
rate. Figure 3. shows a fairly wide range of horsepower 
and engine speeds near the optimum fuel consumption rate* 

The degree to which a particular operator can optimize 
will depend upon the consistency and predictability of his 
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operating conditions. If the vehicle operates most of the 
time at a given speed, over a given terrain, with a given 
load, the needed horse power can be computed. An engine can 
be chosen so that a needed horse power is 80 percent of 
the rated horse power and a cruising gear exists at 65 
percent of governed maximum engine rpm. Thus, operation 
will be on the lowest specific fuel consumption curve (in 
this case, a point 0.355 Ibs/brake-horsepower-hour) , However 
if greater flexibility is needed to meet a variety of 
conditions then optimization will necessarily involve some 
trade-offs between fuel consumption and reserve horse 
power and speed. 

Engine derating is a common suggestion to conserve 
fuel. Derating does not change the basic engine parameters 
that is, derating will not alter _t he fuel consumption curves 
in Figure 3 . It does, however, limit the amount of fuel 
charge which can be burned in each cylinder and engine rpm 
to less than 100 percent of maximum. Derating reduces the 
possibility of operating on a rpm/power curve with a high 
specific fuel consumption rate. Consequently, the maximum 
available horse power is decreased, the operator cannot go 
as fast, climb hills as quickly or accelerate at the same 
rate as with an engine governed in the conventional manner. 
The purpose therefore of engine derating is primarily to 



iriToluntaril}/ discipline the dri'/er, since exactly the sa.me 
effect can be achieved b7/ careful use of throttle. 

Derating, as a fuel saving measure, is not so much 
a technical as a behavioural relationship. The amount of 
saving will depend upon the prevailing behaviour of drivers. 

Parasite Loads: Some accessories are driven directly from 
the drive train, such as water and fuel pumps, cooling fan, 
and alternator. Others are powered indirectly via electricity 
generated by the alternator. Horse power draw on the engine 
by accessory devices decreases the horse power available at 
the wheels. Significant saving can be realized from the 
use of thermostat cooling fan. 

Drive Train Optimization: Engine optimization depends upon 
proper selection of gears. Many drivers due to inadeq_uate 
training are not properly matching the transmission gear 
selection to engine characteristics. One improvement 
suggested is the introduction of automatic transmission in 
vehicles. 

Aerodynamic Improvements: The most significant technological 
fuel efficiency measure is in streamlining the vehicles 
aero dynamic ally. Various modification can- be made, such as, 
rounding the corners of vehicle, removing front bumper which 
reduces frontal area and adding airfoil which smoothers the 


flow 
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1.5 iiffect of f.oadway Characteristics on Snergy Consumption; 

The above paragraphs dealt with the operational and 
t echnological options related to vehicles which are potehtial 
candidates for energy saving measures. One of the most 
important component in the highway transportation system 
is the roadway itself. Highways are to be planned and 
built to meet the demand in an optimal manner. Highway 
involve huge initial investments. High type facilities with 
ideal geometric standards would result in smooth flow of 
traffic and hence could reduce all operating costs to the 
user including energy. On the btherhand poor geometric 
standards result in the increased operating cost to the 
user. The road user and hence the economy in general is 
affected by the decision to adopt certain geometric standards 
for expected levels of future traffic. This aspect clearly 
brings out an important investment decision problem, which 
requires the consideration of trade offs between the initial 
investment and the road user costs which are incurred as 
vehicles are operated. 

Currently the Central. Road Research Institute , Delhi is 
engaged in the determination of various components of user 
cost as a function of the highway geometric and prevailing 
traffic flow conditions. There exist significant 
interactions between geometric features and traffic flow 



characteristics under free flow as well as congested conditions 
which in turn affects the fuel consumption. The following 
paragraph attempts to focus the effect of roadwa3r geometry 
on fuel consumption. 

The vehicle operating on a roadway under free 
flow conditions tend to move with steady state velocities 
on geometrically homogeneous stretches. The steady 
state speeds adopted by drivers are what they desire for 
safe driving given the geometric characteristics such as 
lane and shoulder vVidth and the riding quality of the 
shoulders, horiaontal curvatures and gradients. Another 
important parameter is the pavement roughness which governs 
the steady state speed. Generally this speed will depend upon 
vehicle as wt . 1.1 as driver characteristics, ¥e call this speed 
as the desired speeds of vehicles over a given homogeneous 
stretch of a highv/ay. as can be expected the desired speed 
will vary with the geometric features. An ideal geometry 
is expected to allow the driver vehicle combination under 
free flow condition to travel at a speed known as the basic 
desired speed. The desired speed is thus the effect of 
attenuation of the basic desired speed due to purely geometric 
parameters, A wide variety of vehicles are operated on our 
highways and their basic desired speeds are reduced considerably 
due to traffic interaction. This interaction becomes more 
and more significant as the pavement width narrows from the 
ideal two lane (7m wide) to single lane which is 3.8 m vvide. 



Tile Single lane roadway causes severe impedances to traffic 
in the passinf^ as well as crossing manoeuvres. The operating 
speed reduces considerably even for smaller volume of 
traffic. These situatiors result in significant energy 
consumption and must be carefully studied before these 
highways are selected for improvements. 

1.G Acceleration Noise and its Effect on Energy Consumption: 

It is reasonable to assume that a driver will attempt 
conciously or unconciously to maintain a uniform velocity when 
he is travelling along an open roadway in the absence of other 
traffic. But he never quite succeeds. Even at low volumes 
on high type highway facilities he will fluctuate from his 
desired speed. When traffic interaction becomes significant 
the fluctuation about his desired speed will be more 
pronounced. His acceleration pattern, as a function of 
time has a random appearance. An acceleration distribution 
function can be easily obtained from such a pattern. This 
distribution is essentially normal. The random component 
of the acceleration pattern is called acceleration noise. 

A measure of smoothness or jerkiness of the driving 
is then given by the dispersion C'of the acceleration noise. 
The mathematical definition of this- quantity, assuming mean 
acceleration to be zero, is 

r 1 T 2 

^ j |a(t) I dt / 

I 0 


( 1 . 1 ) 



in whicb, a(x) is the acceleration at time t and T is the 
total runnin;': nini?. Alternatively, if one considers that 
the acceleration is sampled at successive time intervals, 

/:;t , then, 

^ ^ i ^ ^ ! a(t) l^t (1 .2) 

; 

The dispersion, or standard deviation, d, is simply the 
root mean square of the acceleration, and it has the dimen- 
sions of acceleration. Its values are usually quoted in 
2 

m/sec. or as a fraction or multiple of g, acceleration 
due to gravity. 

Runs made on a section of the General Motors test 
track (on almost perfect roadbed ) by four operators while 
driving in the range of 30 to 100 Kmph yielded normal 
acceleration noise distributions with standard deviates 
of 0.01 g + j.002 g. This dispersion has been found to 
increase at extreme speeds greater than 80 Kmph or less 
than 30 Kmph f 1 1 • 

The acceleration noise of a driver will vary consi- 
derably as he drives on different roads or under different 
physiological or psychological conditions. A smooth trip 
will have minor deviations, a rough trip greater deviations 
from the mean acceleration. 
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The acceleration noise is mainly influenced by 
three factors- the drivers, the road and traffic conditions. 
Drivers who are aggressive go through frequent speed change 
cycles and they will have greater noise than the passive 
driver. Also more frequent speed changes are expected on a 
narrow and winding road as compared to high type facilities, 
finally a driver in congested traffic v/ill generate more 
acceleration noise than that obtained in low traffic volumes. 
Therefore acceleration noise can be used to evaluate va.rious 
road geometries. 

Vfhat is important to note in the acceleration noise is 
that it affects the fuel consumption of vehicles. There should 
bo a definitive relationship between the acceleration noise 
and the fuel consumption. During a speed change cycle the 
excess fuel consumption over that of the steady state fuel 
consumption is duo to the acceleration resistance to be overcome 
by the vehicle from the lower speed to the higher speed. 
Therefore the higher the noise the more is the excess fuel 
consumption. By carefully studying the acceleration noise 
and its effect on fuel consumption we could identify roadway 
design parameters which coiiLd be controlled in achieving 
the goal of energy conservation. 

1 ,7 Scope of Study: 

We have explored the possible avenues where changes 
could effect energy conservation in road transportation. 



The vehicle offers significant opportunities which normally 
should be stuiied by the automotive engineers. In this study 
we consider the vehicles as given with certain performance 
characteristics. We simulate the movement of vehicles to 
study the effect of various roadway design parameters. It is 
believed that the transportation engineer can contribute 
signif icantly for highway facility planning and design by 
acquiring better understanding of the changes in road user 
costs brought about by the design parameters. 

In this study we consider only the free moving road 
traffic* The interaction effect which is present on rural 
highways has not been taken into account. We emphasize that 
the study of interaction is an important area of research 
which should be per sued further. Free moving traffic 
simulation has been thought of as the first step in the 
analysis of the fuel consumption which could shed enough 
light for further study of traffic interaction. A major 
benefit of this research is to enable us in understanding 
the interaction of roadway and driver vehicle system. An 
understanding of the vehicle performance on various roadways 
is the other objective of this study. The following 

section deals with the proposed study methodology. 

1 .8 Study Methodology: 

The study of the vehicle performance and determination 
of their fuel consumption while moving on a highway is quite 
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complc5.x in nature. A limited number of models have been 
suggested by those who are working in this field which do 
not provide adequate guidance. The main objective of this 
study is therefore to develop a model to predict energy 
consumption and thereby aid the planner and designer. 

This study attempts to develop the flov/ logic of free 
moving vehicles over the given roadway. The traffic 
system and dynamics of motion are captured through various 
submodels which are used to simulate the free moving 
trajectories and to calculate the corresponding fuel 
consumption. The vehicle characteristics, route characteristics, 
and the driver characteristics are incorporated in the submodels 
which mimic the real world. 

Data on engine and other vehicle parameters have 
been obtained for three models of Ashok Leyland and for 
Mark IV of Hindustan Motors (Ambassador Gar). A ten 
kilometres hypothetical roadway stretch has been used to 
simulate the movement of these vehicles. Rolling resistance 
of the roadway has been varied to study the effect of 
differing pavement conditions. The payload of the Ashok 
leyland vehicles has been varied to obtain their transport 
productivities. 

Fuel consimipt ions estimates have been made for both 
steady state as well as varying speed conditions. G-radeability and 



a.ccelerat ion capabilities of the vehicles at various speeds 
have also been obtained. The resulis of the simulation 
model have been quite encouraging. 

1.9 Organisation of the Thesis: 

The following chapter of this report deals vnth the 
literat'ore review of the past work attempted in this field. 
As can be seen there are only a few papers in published 

form and remaining are still in the developmental 
stages. 

In chapter three v/e attempt to develop detailed 
simulation logic for the various submodels. These submodels 
are : 1 ) acceleration cycle , 2) deceleration cycle 
3) steady state flow, 4 ) gearshift process and 5) driver 
decision perception time model. Flow charts of these 
submodels are :given along v/ith the logic and assumptions 
behind these models. 

A case study has been attempted in the last chapter 
by using the vehicle data for three models of Ashok leyland 
and the Ambassador Car. Vehicle performance and fuel 
consumption have been obtained for these vehicles by 
simulating their movement over the hypothetical roadway. 

The salient conclusions and recommendations for further work 
in the lines of this study have also been presented. 
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literature survey 

Vehicle performance evaluation and fuel consumption 
calculations h;ave been carried out mostly by automotive engineers 
for steady state and simple ti-ansient conditions. However, 
for complex conditions a more realistic model is required 
to represent the response of the vehicle and the driver 
to changing situations not only under free flow conditions 
but also when interaction effects due to traffic is signi- 
ficant. In simple models the driving of the vehicle 
along a given route has been represented by a finite number 
of steps or integrations. The fuel consumption has been 
investigated in this way by computer "Simulation in the 
United States 6]] . Most of these studies have concentrated 
their attention on the application of computer simulation 
in the field of transmission matching? deciding on the 
best gear box, back axle and engine conf igiiration for 
a given vehicle. The power plant concerned includes both 
diesel and petrol engines. The following paragraphs 
review the salient work which has been carried out in the past. 
Vehicle performance and corresponding fuel 
consumption calculations were formerly made by using the 
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Toasic force equations for the given vehicle, driver, and 
roadv/a.y combination. Earlier attempts were of manual 
calculations. This yielded very limited information to 
the designer because it was difficult to incorporate the 
dynamics of traffic flow over long stretches of highways 
having varying geometric features. The advent of digiteil 
computer has made it practical to make extensive performance 
calculations at a Ioyj cost and time. The earliest of the 
studies in the analysis of vehicle performance and fuel 
Gonsumption was the work by the General Motors Corporation [S'], 
The emphasi . v'as on evaluating heavy truck performance on 
grades, Vehicle performance data such as the power output 
vs engine rpm and specific fuel consumption in addition to 
drive train data were collected and used in solving the 
fo3rce equation for the desired performance conditions. 

The vehicle was tested on a route having a series of 
variable length grades. The performance equations provided 
information a.bout the vehicle motion at any instance. 

The equo-tions were solved for increments of vehicle motion. 
The accumulated performance over the grades were then 
used to assess the gradeability of the trucks. 



25 


C’-ra.vern [3\ has developed a fuel consumption model 
for road v,:bicles in connection with simulation of netvwrk 
traffic flow. He has calculat'^d the fuel consumption for 
different veliiclas during steady state speed, accelerations or 
decelerations using the equations of motion. Ibis model 
is microscopic in natur- in the sense that fuel consumption 
is calculated for every single vehicle, and is updated 
v/hen there is change in the vehicle status, that is when 
an event occured. following are the equations describing 
his calculations for fuel consumption ana,lysis. The fuel 
consumption (FC) in a time interval ( a T) is given hy one 
of th'" following equations: 

SFO X HP X T (2.1) 

3600 

f(V, grade Accelerat ion/heceleration) (2, 2) 

0 When the drive line is switched (2.3) 

off. 

Where SFC^pecific fuel consumption in litres/hr-hp . 


HP 

= horse power used 


, T 

= time taken in seconds hatween consecutive 
events 

Fuel 

= fuel consumption 

in litres 

Y 

= speed of vehicle 

in Kmph. 


Fuel = 

Fuel = 

Fuel = 
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The reraaining equations used in the model is the 
classical force equation alongv^ith resistance force values 
of vehicles when it travels on a roadway with the given 
geometry. For calculating the fuel consumption for private 
cars he has used the engine diagram in order to get the 
poY'ier output required in the process of doing the work in 
overcoming the road resistances. In the case of trucks 
normally operated in most of the European countries there 
are numerous gears and hence he has assumed that the truck 
drivers being professional in nature they -always use 
apnroxiraately optimal engine speed and hence the constant 
specific fuel consumption. This is quite contrary to the 
situation prevailing in India where the trucks have limited 
number of gears. The above assumption considerably has 
simnlified the fuel consumption calculations for truck 
categories of vehicles. In the ca,se of cars his algorithm 
for calculating fuel consumption in a given time interval 
( t) given the speed and acceleration/deceleration is 
given below. 

S TEP 1 

The power output is calculated for overcoming the 
resistance on the road including acceleration, if any. 
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S TEP 2 

« 

If the power output is greater than a fixed amount, 
^min’ ‘then engine diagram is used where fuel consumption 
is computed as a function of gear combination and engine 
speed. 

S TEP 3 

If power output is less than engine diagram 

is not used. This situation could occur, for example, while 
travelling down the hilly terrain. 

Under the conditions when power output is less than 
^min ^sed a modified idling fuel consumption 

corresponding to Equation (2,2). The fuel consumptions in 
this case will be a function of speed, gradient and 
acceleration/deceleration. Equation (2.3) will be used 
for fuel consumption if we cutoff the power transmission 
by S¥/ itching off the engine. 

G-ynnersted et al. [2j have used an approach which 
is very similar to that of Gravem. They have assumed that 
the truck drivers use optimal power required in the fuel 
consumption calculations. However, for passenger' cars 
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they nave oropoaed a niodif ica.tion in the calculation 
of th.- actual pow'^r that the driver is using at the wheels 
as compared to th^; maximum power that the engine is capable 
of D reducing 

They employ a transformation v\;hich is called 'drossel curve'. 
They define the ratio between used po¥/er 3,nd the maximal 
power as 'dellost' (d) . This ratio 'd' is given as an 
'outer dellost' (dy) and the inner dellost (di) where 


dy = 


Power at the wheel s 

Maximal power at the wheels 



Where is the sha,;ft horse power produced by the engine 

less all power consumed by auxiliaries. 

^maxe maximal poy^er at the engine. 

Where di has been obtained as a quadratic function of the 
form 

di = CO + 0^ dy + Cg (dy)^ (2.4) 


where CO,, C^, O2 are coefficient obtained in calibration 
procedure. 



M. A. Renouf [jl! in Ills study of fuel consumption of 
heavy goods vehicle used computer simulation and has 
validated the same* In his simulation he has considered 
the effects of various geometric features of roadway but 
has not considered traffic interaction. He reports that 
it was difficult to define the fuel used in small undulating 
sections due to many interacting factors. However he 
concludes that if most of the drivers will allow speed to 
increase downhill it is possible to get good overall agree- 
ment between simulation and experimenxal results, Oornering 
forces made only a small contribution to the overall fuel 
consumption on the test track of the Transport and Road 
Research Lalooratory, UK, where there were significant 
curves, they accounted for 3 percent of the fuel used at 
the driving wheels unlo-den and 9 percent fully laden. 

Other notable fuel consumption studies include that 
of WilliamsijO] who studied in great detail for parameters 
of tyres affecting the fuel consumption. Some of the 
factors considered have been the increase in the tyre 
inflation pressure, , change from crossply to radial ply tyre, 
increase in tyre temperature and the change in the tyre 
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tread depth. He conoluded that the rolling resistance 
coafficient increases as the inflation pressure decreases 
and the change in the rolling resistance coefficient with 
load are small. Tyre constructional differences can reduce 
th'-: rolling resistance coefficient with the radial ply 
tyre hfiving less drag than either the bias ply or cross ply 
tyre. An instrumented vehicle has bean developed by the 
Transport and Road Research Laboratory, U.K, for studying 
the fuel consumption on a wide variety of roadways ranging 
from motorways to heavily congested urban roads | 11”! . The 
instrumented vehicle was primarily used to investigate 
the effects of traffic management on fuel consumption. 

Williams reports energy losses in heavy commercial 
vehicles due to Vcirious factors concerning the vehicle 
and the roadway based on esqoerimental runs of a Volvo truck 
with 8' X 8’ container [ 51 • He studied the effects of 
cornering, and gradient in addition to the previously 
mentioned factors. Gyenes studied the fuel utilization of 
articulated vehicles and the effect of power train choice 1 4-1 . 
Power train parameter which were investigated included 
engine capacity, and engine tor qrie -speed characteristic and 
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drive ratio. Euel utilization was shown to improve 
as engine capacity was reduced. A detailed review 
of the past rese.aroli has indicated the need for a simul- 
ation model which v/ould not only predict the vehicle 
performance but also enable us to investigate the fuel 
consumption as effected by various roadway parameters 
under both free flow as well as congested conditions. The 
available literature do not provide adequate guidance 
for the roadway designer in t-rms of fuel consumption 
estimates. Therefore it has been felt that an effort 
should be made to develop a simulation model for freeflow 
traffic as a first step in mooting the requirements of the 
designer in this respect. The follov/ing chapter a,ttempts to 
investigate the fuel consumption by structuring models to 
depict the various components and interactions among them. 



CHAPTER III 


SIMIDATIOH MOREL EOR ERSE' PLOW TRJiEEIG 

A computer simulation model has been proposed which 
attempts to represent the way in which a driver moves his 
vehicle on a given roadway under free flov/ conditions. 
Procedure for calculation of fuel consumption has been 
presented within the framework of the simulation model. 

In order to simplify the model structure we have consi'- 
dered the system made up of mainly three components 
namely 1) vehicle characteristics 2) route characteristics 
and 3) driver characteristics. The representation of 
these components is kept as simple as possible. The 
following sections describe the characteristics of these 
components and flow logic for moving the vehicle driver 
combination. 

3.1 Vehicle Characteristics: 

In order to obtain the fuel consumption for a 
vehicle moving on a given route we simula-te vehicle oper>- 
ations over various sections of this roadway. Since 
fuel consumption depends upon the operating characteristics 
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of vehicles yjo have to represent the various vehicle 
components in the model. Figure 4 sho?/s the fuel 
floY' from the tank in which it is converted into tractive 
effort and applied at the wheels to overcome various 
components of the road load namely rolling, air, grade, 
cornering, and acceleration resistive forces. 

The internal comhustion engine converts the 
chemical energy of the fuel into usable mechanical 
energy. In the process of thermal conversion in the 
engine there arc certain losses due to poor burning in 
the comburstion chamber and the resulting pov;er available 
is mea-surv^d in terms of brake horse power • . A part 
of this power is used to drive auxiliaries such as 
cooling fan, dynamo, and fuel pump . The net power 
available for overcoming the road resistances is thus 
reduced by the auxiliaries and should be accounted for 
in the fuel consumption calculations. A drive train 
mechanism consisting of reduction gears in gearbox a,nd 
rear axle transmits power to the wheels. Losses also 
occur during the process of power transmission through 
this drive train mecha.nism. 

The engine characteristics are defined by data 
in the form of an 'engine map'. Engine maps of various 
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Tractive 

effort 



Fie.4 ENERGY FLOWTHROUGH THE ACCELERATING 
ENGINE 


"'si' 
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forms can bo utilized but they all specify torque or a 
parameter proportioua,! to it, and sp'-^-cific fuel consumption 
for a given engine speed (sec figures 5 and 6 on 
page 36 and 37 ). The specific fuel consumption 

is a moa-surc of the engine efficiency* fha smaller the 
amount of fuel consumed for a given output the more 
efficient is the engine. Usually the specific fuel 
consumption is expressed in quantity of fuel consumed 
per hour for the output of one horse power* 


The road loa,d which is the sum of all forces 
resisting the motion can be considered in the form of 
factors dependent, on route as well as vehicle pa.rameters. 
The aerodynamics depends upon the vehicle shape and its 
exposed area and the drag is determined by its speed and 
wind velocity over the route. In the simplest case only 
the frontal area of the vehicle and a single drag coeffi>- 
cient have been used. 

If the tractive force applied to the driving wheels 
on a level road exceeds the road loa.d then the vehicle 
will accelerate. Once the vehicle starts accelerating, 
the rotating parts in the coupled engine and transmission 
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System will .also accelerate. Thus the mass of vehicle 
to he ac c . e d ?7ill ho effectiveljr increased. 

3.2 Route Charactoristics: 

A route is represented in the model as an ordered 
set of geometrically homogeneous road blocks whose 
coordinates are specified. For each of these blocks we 
post a safe speed limit which incorporates the prevailing 
sight distance restrictions of the roadway. The acce- 
leration and deceleration submodels describe the 
beh.aviour of driver-- vehicle movement while speed changes 
occur. A higher required speed than the current will 
cause the vehicle to accelerate or to cruise at a speed close to 
it as far as possible •. If a new reiuir'^-d speed is 
lower than the current speed then the vehicle would 
slov/ down aocc’ ling to a predefined deceleration rate. 

Delays can he introduced as required, hy the specification 
of idling time at stop. 

A major factor a.ffecting the operating condition 
of a vehicle is the route gradient. This can he 
defined as a distance at which a particular gradient 
begins or more usually by a series of heights from v/hich 
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gradients are calculated. The start of a tend is 
specified in a similar mapine^r as a radius of curvature 
Y'/liicli lasts until another is defined. The cornering 
force increases the otserved rolling resistance encount*- 
ered while on the tend and is a function of vehicle speed, 
weight , the average cornering stiffness and tho 
radius of curvature. 

3.3 Driver Gha.racteristics; 

In the simulation model driver is represented hy 
th''i use of accelerator and the selection of gears which 
decide the driver controlled performo-nce of the vehicle. 
Assuming the vehicle starts from rest then first usable 
gen,r is selected and the speed is increased ty a set 
incroraent. Tho basic step carried out is the ohange of 
speed by this incrernGnt . A minimum power output is 
assumed in the v- ry slow speed region. 

A geax change is required when the prespecified 
speed for that gear is reached. During the gear change 
the transmission is disconnected and the vehicle coasts 
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till the gear is changed. An upwa,rd gear change is made 
if the sDcod in th'^' new gear can he maintained .and the 
engine- speed would fall into defined opervating r.ange. 
Acceleration takes place using all or part of the torque 
available from the engine. The driver will try to 
attain the desired speed by changing gears when necessary. 
However, it may not be possible to reach the speed on 
occassions, for example, when a heavily loaded vehicle 
moving on a steep hill. 

The following are the salient steps of computer 
algorithm developed in this study which simulatos the 
time space tr<a jr'ctories of free moving vehicles. The 
driver behaviour is considered in his response to the 
various roadway elements which he has to take cognizance of 
in driving his vehicle in a safe manner. The algorithm 
proposed here consists of mainl.y five submodels namely 
1) acceleration cycle in which a vehicle accelerates to 
reach a. stea.dy state condition, 2) deceleration cycle 
in which a vehicle decelerates from a higher speed to 
a lower speed to maintain either speed limit or safe 
driving conditions which is expected, for example, 



41 


v/h'.'-n a vi-'hiclo encounters a sharp horizontal curve. 

3) steady state cycle in which a vehicle moves at a 
uniform speed, 4) gear change process while vehicle 
reaches tho prespecified gearshift speed and 5) driv-r 
decision perception time submodel. The following section 
describes briefly the logic of various submodels used in 
the simulation. 

3.4 Acceleration Submodel: 

Suppose that the vehicles starts from rest. Wa 
set the initial conditions for the status of vehicle at 
zero level. We start the engine with idle rpm and the 
corresponding pow'rr. Since the vehicle is in the neutral 
gear no po’wer is transmitted to the wheels. The trans- 
mission line is engaged by selecting the first geah. 

When the vehicle starts moving it is assumed for comput- 
ational purposes that the full throttle is applied by 
the driver. The vehicle will accelerate to gain speed. 
The vehicle status is calculated at speed increment of 
0.5 Icmph which has been chosen arbitrarily (see Figure 7) 

Using the driving wheel circumference overall 
reduction gear ratio REI)(N), (i.e, rear axle ratio 
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x>-ratio corresponding to the gear numher), and the 
averOvge velocity, AY, of the vehicle over the speed 
increment we obtain the required engine rpm from the 
following equation 


AY 


ERPM X 60 
KBI)(N) X TYRE 


(3.1) 


where 

TYRE = number of tyre revoluticns per kilometer 

SRPM = average engine revolutions per minute 
over the speed increment. 


Corresponding to this ERPM thus calculated by 
using Equation (3.1) we proceed to determine the horse 
power delivered at the shaft which can be converted 
into force to be delivered at the wheels 


H? X 273.75 


AY 


(3.2) 


where 

HP = horse power output at the shaft for the 
given ERPM 

P = force in Kg. 
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The traictive effort (TE) availahle at the wheels 
can he obtained b^;- subtracting the losses in the auxiliaries 
and drive train mechanism E(lOSS) (See Figure 8). This 
tractive effort is used to movo the vehicle in overcoming 
the road lo.ad and also to enable the vehicle to 
accelera.ta. The road load in .terms of rolling, air, grade 
and curve resistance ar, given below. 

The force due to rolling resistance is 

PRR = (RR + RRG x AV) x GGV^ (3.3) 

where ERR = rolling resistance in Kg. 

RR = rolling resistance coefficient independent 
of speed. 

RPv.G = rolling resistance coefficient dependent 
on speed. 

GGR gross corabination weight of vehicle in Kg. 

The air resistance is determined at the average 
velocity using the drag coefficient, frontal exposed 
area (FA) and atmospheric temperature. 

. ■ 

P X G X FA X (AV ) 

(520 + TEi!P) 


FAIR 


(3.4) 
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FORCE AVAILABLE FROM ENGINE 
AFTER F(LOSS) 



FIG- 8 VEHICLE FREE BODY DIAGRAM 
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Where PAIR 
PA 
TEMP 

P 

We have assumed the v/ind velocity over the route 
to be zero and a standard temperature of 30°0 in the 
calculations . 

The gra.de resistance can be obtained from the 
following equation 

PG = Qm X Sin 9 (3.5) 

Por small values of 9 we can approximate Sin 0 = 6. 
The force tangential to the roadway due to grade v/ill 
act against the movement of the vehicle if the grade 
is positive £ind will a,dd to tractive effort if the 
grade is neg;ativG. 

The force due to cornering resistance of the 
vehicle negotiating a curve is a function of the radius 
of the curve, speed of the vehicle, weight of the 
vehicle, number of wheels and average cornering stiffness,' 


= air resistance in Kg. 

2 

= frontal area of vehicle in m 
= temperature of atmosphere in °G. 
= constant. 



(3.6) 


FG = H X X lY X RGimYE) ^ 

WH X GORNST 

Where FG = cornering resistance in Kg. 

RGUR'VE = radius of curvature (=1/Radtus) in m ^ 

WH = number of v/heels 

GORHST = average cornering stiffness in Kg/Radian 

H = constant 

When a vehicle accelerates an additional mass 
will have to be added to the vehicle mass. This mass 
can he obtained from the following equation 

FK = FOIO + FOIGO [RER(R)]^ (3.7) 

Where FOIG ana FOIGO are vehicle specific constants. 

The tractive effort has been used not only to 
overcome the resistive forces but also it is used to 
accelerate the vehicle and sometimes we call this as 
the acceleration resistance. This acceleration ability 
is obtained from the forco equation after deducting 
the road loads. 



TE-FRR-FAIR-?G>-5'C = (GOW/g +-FK) AOOEI (3.8) 


p 

'A'liere g = acceleration due to gravity ( = 9.81 m/sec ) 

AOOEJj = a,ve.rage acceleration over the the increment 

2 

in m/sec which can be expressed as 

ACCEL = JSLllZL. (3.9) 

TD X 3.6 

where VE = final speed after the increment in Emph 

yi = initial speed before the increment in Kraph 
TD “ time taken over the speed increment in seconds. 

After having calculated the average acceleration 
over the increment it is now possible to obtain the time 
taken to reach the speed increment by Equation (3.9) and 
the corresponding distance moved by Equation (3.10). 

;DIST = (3.10) 

3.6 

where DISC denotes the distance moved in metres. 

Referring to the engine map specific fuel consumpt*^ 
ion can be obtained which depends upon the engine rpm 
and horse power delivered. Fuel consumption over the 
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speed incr ament is 


PlIEL 


SPO X HP X TD 
3600 


(3.11) 


Where FUEL 

SFG 

H? 


= fuel consumption over the increment in 
litres 

= specific fuel consumption in litres/hr»-hp . 
= horse power delivered at the engine. 


Gradeability can also be calculated which is 
another way of expressing acceleration ability and is 
given by 


GRilDEABIlIlY = ^ x 100 (3.12) 

GGW 


3.5 Deceleration Submodel: 

When a vehicle travels at a hi^er speed than the 
peirmissible speed then the driver decelerates the vehicle. 
Deceleration of the vehicle is encountered when a vehicle 
moves from a level tangent section to an upgrade due to 
grade resistance or in climbing down the hill. The 
driver decelerates the vehicle with the help of the 
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throttle and also hy braking. The salient steps of the 
submodel are given in the following paragraphs. The 
procedure is essentially the inverse of the acceleration 
procedure which is shown in figure 9. 

We first calculate the tractive effort req,uired to 
match the rate of deceleration of the vehicle under the 
given road load conditions. During deceleration a speed 
decrement of i:-.. T is usedtn. order to compute the state 
variables of the vehicle. The deceleration of the vehicle 
is substituted for AOGEL in Equation (3.8) and the 
corresponding tractive effort is calculated. We now 
proceed to dotorminc the corresponding horso power required 
at th'-: engine. If the power required is less than certain 
minimum po?;er then v;e use a prespecifiod minimum power 
for computation of fuel consumption. 

3.6 Steady Sta.tG Submodel: 

When a driver attains his desired speed over the 


given stretch of highway he attempts to maintain this 
uniform speed till interaction becomes significant due to 
traffic and geometry. We calculate the road load due to 
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FIG- 9 


OECF LERATiON SUBMOUEL 
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rolling, air, grado and curve resistances a,nd compute 
tlie tractive effort required to overcome these forces 
for the given vehicle speed. The calculation of tractive 
effort is made through Equation (3.8) by substituting 
the value of AG CEL to be zero. The fuel consumption 
calculation proceeds in the similar manni-r to that of 
deceleration submodel and shown in Eigure 10. 

3.7 Gearshift Submodel; 

Gear changes are normally performed by drivers by 
either upshift ing or downshifting from one gear to the 
other. A vehicle can be operated in a given speed range 
bounded by upper gearshift speed and lower gear shift 
speed. Eor example Ashok Leyland vehicle can be operated 
in the first gear upto the speed of 10 Hnph and in the 
second gear upto 16 Kmph. 

Gearshift is made when the vehicle reaches a pre- 
specified speed by the manufacturers called the gearshift 
speed. Also, gearshift is made when the vehicle rea,ches 
the speed corresponding to the maximum horse power. An 
upward gear change is made when the vehicle accelerates 
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STEADY STATE SUBMODEL 












and reaches the upper gearshift speed. Similarly 
the gear is changed to a lower gear if the vehicle 
decoleratos and reaches the lower gear shift speed. The 
gearshift process involves some time duration ¥/hich V7ill 
vary with the drivers. During the gearshift the drive 
train mechanism is disengaged from the crankshaft and 
the vehicle nov/coasts due to its momentum and a certain 
loss of speed v/ill result. By using the force Equation 
(3.8) the speed of the vehicle at the end of the gearshift 
is determined and the rate of change of speed during the 
gearshift time is calculated. The corresponding engine 
rpm can he oht:.iined from Equation ( 3 . 1 ) ’.vhen the average 
speed is calculated from the initial speed before the 
gearshift and the final speed after the gearshift and 
substituted for AV. ' Similarly the distance covered during 
the gea,rshift time can be calculated from the Equation 
( 3 . 10 ). During the gearshift it is assumed that no fuel 
is consumed since the engine is essentially operating 
v^ith empty strokes due to momentum of crankshaft. The 
flow logic has been shown in Eigure ,11. 





5.8 'Driver Perception Decision Su'bmodel: 


During the transition from one homogeneous road 
block to another the driver has to perceive the status 
of his vehicle and take appropriate measures to maintain 
the corresponding desired speed in the current road block. 
The vehicle may accelerate or decelerate depending upon 
the type of transition. The driver req_uires enough time 
to perceive the change in the vehicle status in terms of 
speed. Till he perceives the speed change he normally 
uses the tractive effort which he has been using in the 
previous road block at the steady state condition. If 
during this process the engine reaches the maximum/minimum 
prespocifiod speed for a given gear, the gear is shifted. 
We specify a threshold value for the difference between 
steady state speed of the previous block and the current 
speed of the vehicle. In order to arrive at a decision 
point for the driver to accelerate or decelerate, we 
increment the state change of vehicle at fixed 
incroraont of time interval which has been taken in the 
model .as 1 second. The driver decision time is determined 
from the specified threshold speed difference and a fixed 
time duration. We have arbitrarily chosen 5 seconds 



as tlie time duration to reach decision point, incase 
he fails to attain the threshold speed difference during 
the specified 5 seconds. The calculation proceeds with 
1 second time increment and the flow logic is similar to 
that of gearshift submodel and shown in Figure 12. 

fhe above sections have briefly described the 
various aspects of the- simulation model. We proceed to 
simulate the vehicle performance and fuel consumption for 
typical automa.tive vehiclss over a h 5 rpothetical 10 Km route 
the results of which is given in the next chapter. 
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CHAPTER lY 


PREDICT lOI’ OP YEHICIiE PERPORMMCE .WR) EUEE 
GOISUTIPTIOH EOR TYPIC.4L ROiD ''/EHICLSS 

The detailed flow logic for simulation model has heen 
developed and given in the previous chapter for various 
components of traffic systems. We have simulated the 
performance of thx-ee types of Ashok Leyland models and 
the Amhassador car for which V'/e could get required data 
concerning their performance. These vehicles have keen 
analysed for the steady state movement as well as free flow 
conditions on a 10 Kilometre hypothetical roo.dway consist- 
ing of 13 homogeneous roadv/ay sections. The following 
sections give the vehicle and routs data used in the 
c Calculation. 


4.1 Ye hide and Roadway Data: 


Th'^ data pertaining to vehicles used in the 
model (See Table 2 ) have been taken from the 

published handbooks of respective manufacturers. 

The V'-^hicles have been simulated over a 
hypothetical 10 Kilometre route. The homogeneous blocks 
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TABLE 2 
ROUTE DATA 


Block 

Dumber 

Length 

(m) 

G-radient 

Curve Radius 
(m) 

Speed Limit 
(Kmph) 

1 

300 

0.0125 

0.0 

55 

2 

810 

-0.0100 

0.0 

55 

3 

400 

0 . 0060 

0.0 

55 

4 

390 

-0.0056 

0.0 

55 

5 

600 

0.0200 

0.0 

50 

6 

600 

-0.0150 

0.0 

55 

7 

1000 

0.0350 

0.0 

40 

8 

1 000 

-0.0100 

0.0 

55 

9 

700 

0.0120 

0.0 

55 

10 

500 

-0.01 50 

300.0 

'30 

1 1 

800 

0.0200 

0.0 

50 

1 2 

2000 

-0.0200 

0.0 

50 

1 3 

1000 

0.0000 

0.0 
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Rate of deceleration 

2 m/sec 

G-earshift time 

2 secs 

Max , Per c ep t io n t ime 

5 secs 

Threshold value of speed 

3 Enph 

H (Constant) 

0.1 

;? (Constant) 

2.50 


OORNST 9740 kg/radian 

Density of Diesel(assiained) 0.80 

4.2 Interpretation of Results: 

The space time trajectories of the simulated vehicles 
over a level taaigent roadvray are shown in figure (13a). 

The relationship between speed and time under full 
tlirottle condition on a level roadway section are given 
in figure (13b) for the fully loaded vehicles namely 
Ashok Iioyland Comet nO(iel, passenger model, double decter 
model and Anbassador Oa,r. The figures clearl 3 i" 
indicate the differing performance characteristics of the 
Various vehicles. As expected the performance curves 
indie ito the docroasing acceleration capability as the 
spac'd incroasos and this variation is nonlinear. The 






VEHICLE PERFORMANCE CURVES 
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valuGS obtained from performance curves could be used 
in simulation of traffic during overtaking and 
crossing manouovros when interaction becomes significant. 

The tractive effort available at vheels as a funct- 
ion of th': speed in the case of acceleration of a vehicle 
is shown in Figure 14 for the G.omet model. The vehicle 
will have zero acceleration when tho tractive effort at 
th'3 given, speed equals the road resistances. The non^ 
linearity observed in reduction of acceleration ability 
found in tho Figure 13b is due to reduction in tho 
available tractive effort in higher gears when the speed 
increases. This functional form of the tractive effort 
vs speed in'aarts the required credibility to the simul- 
ation model in which the vehicle performance has been 
talu.'ii into account, 

Ir. ado ability has been defined earlier as the ratio of 
tho n/;t force available at the wheels to the gross 
co:;ibination vjoight of the vehicle. As the speed of the 
vo'nlclo increo-sos, grad8o,bility decreases and this is 
exhibited by the Figures 15 and 16. Also shown in the 
Figures 15 rand 16 the time to accelerate from the rest. 

The upshift of the g.oars and its effect on the time to 
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Speed in kmph 


FiG-15 VEHICLE PERFORMANCE AT VARIOUS 
TRANSMISSION RATIOS 



AMBASSADOR CAR 
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accaleratj aro also shown. The linear variation of the 
ongine rpm at various gears can he observed from these 
figures. The engine speed is low at the initial start 
conditions upto 2 Kmph for the Comet model. The engine 
rpm is increased till the gearshift speed is reached 
(see figure 15). 

The fuel consumption inlitros/lOO Km at steady 
state spo'eds on a IgvgI tangent section and for various 
pay load conditions are shown in Tigure 17. for example 
empty Comet vchiclo consumes approximately 10 litres 
of fuel per 100 Kilometres which corresponds to an 
operating speed of about 45 Kmph. (The a.ctual fuel 
consuirii^tion will be little higher than what is obtained 
by simulation. This discrepency is due to two factors. 

1) We have assumed an ideal road having rolling resistance 
corresponding to high type pavement. The fuel consumption 
incr;,a3GS with increase in roughness but also this varies 
nonlinr'.-rrly with the speed. 2) We have used the data 
su-vplied by nvanufacturGr in vdiich the specific fuel 
consumption has been assumed to be constant irrespective 
of the horse power. Therefore the values for the fuel 
consumption shovm in the figure aro smaller than what 
will l> exnoctc.d when above factors -are taken into account. 



Fuel consumption in lit /100km 
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FIG-n FUEL CONSUMPTION VS SPEED 
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However the simulation model is able to replicate the 
the fuel consumption fairly well for the given data. 

As the pay load increases the fuel consumption increases 
at a lesser rate and the optimal speed corresponding to 
the lowest fuel consumption rate shifts towards lower 
speeds. 

The variation of fuel consumption has been 
obtained for varying the rolling resistances and shoifvn in 
Fig. 18a. As the rolling resistance is increased the fuel 
consumption increases and the optimal speed corresponding 
for lowest fuel consumption decreases. 

Figure 18b shows the fuel consumption at various 
speeds for three models of Ashok leyland. The fuel consum- 
ption rate is higher for double decker than the other 
two models because of increased mass and frontal area. 

Ooraet haulage has the same area but more mass than 
passenger model and hence the rate of fuel consumption is 
higher . 

The fuel consumption vs speed curves are given for 
grades varying from 0 to 5 percent for the Comet model 
(see Figure 19). The fuel consumption increases with 
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FIG.19 FUEL CONSUMPTION VS SPE ED (Constant speed) 
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increasing grade wliicli is similar to variation exhibited 
for rolling resistance coefficient. 

Piguros 20 and 21 show the steady state fuel 
consumption calculations for imbassador Gar for various 
rolling resistance coefficients and grades. The relation*- 
shipsare very similar to the ishok Leyland vehicles. 

However, it can be noted that beyond the optimum speed 
the rate of increase in fuel consumption with speed is less 
compared to trucks simulated. This is due to- the fact 
that the streamlining of the imbassador Oar has reduced 
the air resistance considerably compared to trucks. 

The simula.ted road stretch is 10 Km. long consist- 
ing of 13 homogeneous blocks. The vertical profile of the 
route is given in figure 22b. A horizontal curvature of 
radius 300 m has been introduced in block number 10 from 
5700 m to 6200 m with appropriate tra.nsition curves. The road- 
way is assumed to posses a high quality pavement with roll- 
ing rosistanco coefficient 0.0164. Sample calculations 
or the model arc given in Appendix. 

figui-vC 23 shows the velocity profile for the 
Ashok Leyland' Gomet truck fully loaded and for the 
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Ambassador Gar. It can ba seen from the Pignre 23 that 
the velocity profiles attempt to represent the espected 
behaviour on the simulated route. The fully loaded comet 
truck is unable to reach the specified speed limit on 
Xlth block. f/hile the Ambassador Car could negotiate 
the route to the posted speed limit. This shows that the 
performancG capability of these two types of vehicles 
are adequately represented in the simulation model along 
with the driver behaviour and the driver perception decision 
time and the corresponding vehicle trajectories during this 
time can be found in the respective profiles wherever 
there is a transition from one block to another. Also 
it can be observed from the speed profile of the truck in 
block Illrd, Vth, Tilth and Xth that it has decelerated 
from higher speed and v/as unable to move with the speed 
limit posted for that section and. travelled at steady state 
crawling condition. The acceleration performance of these 
t'NO types of vehicle can bo s(;en from space time trajectories 
dur ing o.c cel or. -it io n . 

The cumulative fuel consumption for the simulated 
movement of Ashok leyland double decker model, Comet model 
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and also tlie Ambassador Oar are shown in the Figure 22a, 

'The cumulative values represents the fuel consumed which 
is a function of roadway geometry, speed and acceleration/ 
deceleration. For this stretch the Ashok leyland comet 
consumes approximately 3 litres of diesel and Ambassa.dor 
Gar 0.85 litres which are quite rational as compared to 
the average figures supplied by the manufacturer (Comet 
haulage consumes 20-22 litres for 100 Km ) 

The transport productivity (Ket ton - Km/litre) 
vs. pay load is given in Figure 24. As the pay load 
increases the transport productivity increases at the 
decreasing rate. This would also explain why truckers 
prefer to overload in maximizing their immediate returns 
in terms of productivity. 

Data concerning fuel consumption for the steady 
condition and for the free flow condition arc not available 
and hence the simulation model outputs have not been 
Goni'-a’-^d to the actual conditions obtaining in the real 
world, Hovvover it can be seen that the model tries to 
represent the performance and fuel consumption rather well 
in qualitative sense and therefore the- model can be 
accepted. 
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RR=0-0164 


C = Cornet haulage 
D =Double decker 



Percent pay load 


F\02l* TRANSPORT PRODUCTIVITY VS PERCENT 
PAYLOAD 
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4.4 Oonclusions and Suggestions for Further Study: 

(1) In this studj'" wo focussed our attention in 
understanding the intoraction of factors a,ffecting the 
fuel consumption of free moving roadway vehicles. We 
consider this study as the most crucial step in estimating 
the fuel consumption for any traffic condition. We have 
not considered the interaction amongst the vehicles which 
would significantly affect the free movement and 
therefore energy consumption. The submodels can he 
gainfully deployed in a traffic model in vdiich interaction 
is taken into account. This would call for minor modifi- 
cations which could he readily incorporated. 

(2) A limited type of vehicles have heen used on a 
hypothetical roadway in a,nalysing the performance 
characteristics and fuel consumption. We could not 
validate the outputs of the simulation model hy collecting 
realworld data due to nonavailability of an instrumented 
vehicle. Yalidation part of the proposed model can be 
studied with the help of the data which will be a-vailable 
in the future from Road User Cost Study project currently 
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under progress at the Central Road Research Institute, 

Delhi. 

(3) 111 the fuel consumption calcul-ations we have assumed 
the driver uses the maximum power o-vailahlc a,t the engine 
during acceleration mode. This is unreeRistie as we 

find that drivers normally use only a fraction of maximum 
power availahle at the engine in ' ■ driving. Data can 
bo collected at various speeds for va-rious drivers and 
a relationship can be developed betv^een the used powder 
and maximum available power at the engine. It is essentially 

the difference between v/hat the engine is capable of 

\ 

delivering and what the driver is willing to use. Ihis 
correction can be incorporated in the computation of 
fuel consumption which sould result in accurate prediction. 

(4) In this study wa have not considered the roughness 
or th>: rc^'yIv/ay pavuinont iMhich has a m^arked effect on 

fuel consumption ospecially oA higher speeds of operation. 

A rol. vtionship roprosonting the ro'xd roughness and fuel 
CO nsumet ion cor be dovolopod and can be incorporo,t9d in the 
model. Alternatively it is possible to consider the road 
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roughness in the force equation 'b5r suitable modification 
of rolling resistance coefficients. Essentially this 
would inwolvG .a correlation an.a3.ysis between the road- 
roughness rand rolling resistance coefficient. 

(5) In the calculation of fuel consumption yv’G have used 
the diagram supplied by the manufacturers vdiich do not 
contain the data regarding the variation of specific fuel 
consumption as a function of horse pov/er developed. 
Currently available values represents specific fuel 
consumption as a function cf engine rpm only at full 
throttle conditions. This would distort the fuel consump- 
tion estimates. Therefore an attempt can be made to obtain 
the comnlete engine map and incorporate the req.uired 
modification in the model. 

(d) Eui'thia; research can be directed towards correlating 
til.) accv..l;;r:vcicn noise with the fuel consumption for 
fr'}.') flo’'' as vjoll as interaction traffic. We did not 
rn ihe c:o)'lioit calculations of accelora.tion noise in 
this stuj'y due to paucity of data for validation. However 
v’G have simul-it d vehicle movement for a small speed 
inoi'''!' iont ari'.l assumed the ro'idwiay to exhibit noise due to 
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